Trehalose, a nonreducing disaccharide which accumulates dramatically during stationary phase or under oxidative stress, is well known as a stress protectant in several organisms. Here we investigated the putative correlation of trehalose with Cap1p, which is a basic region-leucine zipper (bZip) transcription factor participating in oxidative stress tolerance in Candida albicans. HPLC-MS analysis showed that trehalose did not accumulate in the cap1/cap1 mutant during stationary phase. When the mutant was exposed to high concentration of H 2 O 2 , trehalose accumulation was still not induced. Under both of the conditions above, the cap1/cap1 mutant showed high sensitivity to H 2 O 2 , and the cell viability was rather low. Furthermore, when exogenous trehalose was added to the culture of the cap1/cap1 mutant, the tolerance of this strain to oxidative stress was increased. Real time reverse transcription polymerase chain reaction (RT-PCR) analysis revealed that the transcript levels of TPS2 and TPS3 were increased in the wild type strain compared to that in cap1/cap1 mutant when exposed to H 2 O 2 . These results indicated that trehalose accumulation is important to the oxidative stress tolerance mediated by Cap1p in C. albicans.
Candida albicans is the most prevalent human opportunistic fungal pathogen and may cause various forms of candidiasis ranging from superficial mucosal infections to lifethreatening systemic diseases, especially in patients with compromised immunofunction. 1, 2) A major mechanism of the host defense system against fungal infection is via production of reactive oxygen species (ROS) by phagocytes to kill phagocytosed fungal cells. 3) Moreover, ROS generation is involved in the mechanisms of many antifungal agents. [4] [5] [6] Oxidative stress could therefore be a frequent challenge for C. albicans to survive and cause diseases in its host.
A key regulator of oxidative stress response in C. albicans is the basic region-leucine zipper (bZip) transcription factor Cap1p. This protein has been identified first by its ability to elevate fluconazole resistance in the yeast Saccharomyces cerevisiae. 7) Later experiments using the cap1-deleted C. albicans strains indicated that the gene was required for normal tolerance to oxidants like H 2 O 2 and diamide. To date, the glutathione reductase gene (GLR1) and the thioredoxin reductase gene (TRR1) have been identified as the potential targets of Cap1p in C. albicans involved in eliminating oxidants. 8, 9) Our previous work showed that that Cap1p might contribute to the oxidative stress response through multiple pathways. 10) In yeast, trehalose, a disaccharide of glucose (a-D-glucopyranosyl a-D-glucopyranoside), has been consistently proven as a rapid mechanism of cell protection against a variety of stresses, including oxidative stress. [11] [12] [13] In S. cerevisiae, stress-induced accumulation of trehalose depends on Yap1p, a homologue of Cap1p. 14) In C. albicans, the concentration of trehalose is significantly increased during oxidative stress. Trehalose accumulation plays a protective role against ROS in C. albicans. The trehalose-deficient mutant tps1/tps1 underwent dramatic cell killing when exposed to an oxidant agent. [15] [16] [17] Here, we reported that trehalose accumulation contributed to the oxidants tolerance of Cap1p in C. albicans. Table 2) . After being purified, the PCR product was cloned into the expression vector YPBADHpt, which carries the C. albicans ADH1 promoter and terminator regions, a C. albicans autonomously replicating sequence, and the CaURA3 marker, 18) to generate the recombinant plasmid YPB-ADH/CAP1. After sequencing, YPB-ADH/CAP1 was linearized and used to transform CJD21 to yield the CJDCAP1 strain. The plasmid YPB-ADHpt transformed CJD21 cell was used as a control and named CJ-DADH. Lithium acetate method was used for the transformation.
MATERIALS AND METHODS

Strains and Culture Conditions
The strains were cultivated at 30°C under constant shaking (200 rpm) in YPD medium (1% Difco yeast extract, 2% Difco peptone, 2% dextrose) or YPD medium supplemented with 0.005% uridine (Sigma, U.S.A.). Agar (1.5%) was added to prepare the solid media. The URA3 transformants were selected on MIN (2% glucose, 0.67% Difco yeast nitrogen base without amino acids) agar plates.
Oxidative Stress Treatments For oxidative stress challenge, cultures were grown in YPD until the exponential phase (OD 600 ϭ0.8-1.3) and then divided into several identical aliquots, which were treated with different concentrations of H 2 O 2 (or maintained without H 2 O 2 as a control) and incubated at 30°C for a certain time. Viability was determined after appropriate dilution of the samples with sterile water by plating in triplicate on solid YPD. Between 30 and 300 colonies were counted per plate. Survival was normalized to the control samples (100% viability).
Assay of the Intracellular Content of Trehalose For analysis of the intracellular trehalose, 1 ml sample in 1.5 ml Eppendorf tube was immediately centrifuged at 10000ϫg for 5 min and washed with cold distilled water, and then the sample was crashed by a microwave oven (at a power of 700 W). The microwave treatment period for one operation was 60 s, and after three repeated operations (with 30 s interval after each), 1 ml distilled water was used to extract the trehalose for 1 h. After being centrifuged at 15000ϫg for 10 min, the trehalose in supernatant were analyzed by HPLC-MS with a detection limit of 1 ng. An HPLC system (Agilent1100, Wilmington, Germany) equipped with a G1946 mass spectrometer was used in the analysis. The operating conditions were as follows: Sample of the extract was analyzed by an Agilent Zorbax NH2 Column (4.6 mmϫ250 mm, 5 mm) at a flow rate of 1.0 ml/min, The mobile phase consisted of methanol : water 85 : 15 (v/v), The HPLC eluant from the DAD detector was introduced into the mass spectrometer via a 1 : 3 split, Column temperature was 25°C. The mass spectrometer was a quadrupole equipped with an ESI interface. ESI mass spectra was examined by SIM in negative mode. The rate of drying gas was set to 10.0 ml/min. The nebulizing gas 40 psi, and the drying gas temperature was 350°C, fragmentor 70 V, capillary voltage was 3.5 kV.
Relative Quantification by Real-Time Reverse Transcription Polymerase Chain Reaction (RT-PCR) RNA isolation and real-time RT-PCR were performed as described previously.
10) The isolated RNA was resuspended in diethyl pyrocarbonate-treated water. The OD 260 and OD 280 were measured, and the integrity of the RNA was visualized by subjecting 2 to 5 ml of the samples to electrophoresis through a 1% agarose-MOPS gel. First-strand cDNAs were synthesized from 3 mg of total RNA in a 60 ml reaction volume using the cDNA synthesis kit for RT-PCR (TaKaRa Biotechnology, Dalian, P.R. China) in accordance with the manufacturer's instructions. Triplicate independent quantitative realtime PCR were performed using the LightCycler System (Roche diagnostics, GmbH Mannheim, Germany). SYBR Green I (TaKaRa) was used to visualize and monitor the amplified product in real time. Gene-specific primers were designed for the genes of interest and the 18S rRNA (Table 2) according to the manufacturer's protocol.
The PCR protocol consisted of denaturation program (95°C for 10 s), 40 cycles of amplification and quantification program (95°C for 10 s, 60°C for 20 s, 72°C for 15 s with a single fluorescence measurement), melting curve program (60-95°C with a heating rate of 0.1°C per second and a continuous fluorescence measurement) and finally a cooling step to 40°C. The change in fluorescence of SYBR Green I dye in every cycle was monitored by the LightCycler system software (Roche Diagnostics), and the threshold cycle (C T ) above background for each reaction was calculated. The C T value of 18S rRNA was subtracted from that of the gene of interest to obtain a DC T value. The DC T value of an arbitrary calibrator was subtracted from the DC T value of each sample to obtain a DDC T value. The gene expression level relative to the calibrator was expressed as 2 ϪDDC T .
RESULTS
Level of the Trehalose Content and Cell Viability in Response to H 2 O 2 during Different Growth Phases
The trehalose content in C. albicans exponential-or stationaryphase cells was assayed. As shown in Fig. 1A , during earlyexponential-phase (6 h), the trehalose content in both the wild type strain CAF2-1 and cap1/cap1 mutant CJDADH was low (1.9 and 0.21 nmol/mg, respectively). As the growth time proceeded through each phase, the trehalose content in the wild type strain was increased and reached 12.1 nmol/mg in stationary-phase (24 h GGAAGATCTATTCGCCTCCTCCCTCCTC  2000  CAP1-R  CCGCTCGAGGAGGGAAGGGTCAGTTGAAATAGAT  TPS1-F  GAATGGATTGGCAAAGTAG  154  TPS1-R  GCAAGTAATGTATAGGGAC  TPS2-F  TTGGCATTGATTACTTCTG  177  TPS2-R  GATAGTCTTTGCTACACCC  TPS3-F  AACAGAAACTCTGCCAAATC  119  TPS3-R  AATCCAGGAAGACCCATAC  18S rRNA-F TCTTTCTTGATTTTGTGGGTGG  150  18S rRNA-R TCGATAGTCCCTCTAAGAAGTG a) Abbreviations: F, forward primer; R, reverse primer. 0.026%, respectively). When grown to stationary-phase, the wild type strain displayed a weak sensitivity to H 2 O 2 (78% of viability), while the viability of cap1/cap1 mutant was still sensitive to H 2 O 2 (0.45% of viability) (Fig.1B) .
Changes in the Trehalose Content and Cell Viability after Oxidative Stress by H 2 O 2 When logarithmic blastoconidia from both the wild type strain and the mutant were subjected to 30 mM H 2 O 2 , the wild type strain showed marked increase of trehalose accumulation compared to cap1/cap1 mutant. As shown in Fig. 2A , after 2 h of exposure to H 2 O 2 , the trehalose content in CAF2-1 and CJDADH was 17.3 and 1.7 nmol/mg, respectively. When the degree of cell viability was recorded in parallel using the same sample, both strains suffered a dramatic loss of cell viability after a long time of exposure to severe oxidative stress. However, it is obvious that the survival rate in cap1/cap1 mutant is much lower than that in the wild type strains (Fig. 2B) .
Effect of Trehalose Addition on the Cell Resistance to H 2 O 2 We tested whether the addition of trehalose into the medium at high concentration could increase the cell resistance to H 2 O 2 . When the cap1/cap1 mutant was incubated in a medium containing 500 mM trehalose for 30 min before exposure to H 2 O 2 , the number of cells remaining viable was increased significantly compared to that in nonsupplemented medium (Fig. 3) . By contrast, the addition of 500 mM sucrose, another nonreducing disaccharide, did not enhance cell survival significantly. Thus, the addition of trehalose could partially correct the defect in the cap1/cap1 mutant.
Expression of the Genes Involved in Trehalose Biosynthesis in Response to H 2 O 2
To detect the potential change in mRNA expression of the genes involved in trehalose biosynthesis upon oxidative stress in C. albicans, we investigated the transcript level of TPS1, TPS2 and TPS3 by real time RT-PCR. As shown in Fig. 4 , under the normal growth condition, there was no significant difference of the transcript level of TPS1, TPS2 or TPS3 between the wild type strains and the cap1/cap1 mutant. Addition of H 2 O 2 had still no significant effect on the transcript level of TPS1. However, TPS2 transcript level was elevated in the wild type strains compared to that in cap1/cap1 mutant when exposed to 10 and 30 mM H 2 O 2 . A striking finding was 11 fold increase in TPS3 transcript levels recorded in the wild type strain compared to that in the cap1/cap1 mutant upon exposure to 30 mM H 2 O 2 . The cap1/cap1 mutant cells were grown at 30°C in YPD until the exponential phase and collected, resuspended in medium without or with 500 mM trehalose or sucrose, and incubated at 30°C for 30 min and then exposed to 30 mM H 2 O 2 for 60 min. Aliquots of cells were taken to determine the fraction of viable cells. The fraction of viable cells was determined by using cells incubated without H 2 O 2 as the total cell number. The data are mean valuesϮS.D. from three independent experiments. * indicates pϽ0.01 compared with CJDADH treated with trehalose.
DISCUSSION
In recent years, Cap1p has been found to be an important regulator of oxidative stress response in C. albicans through the transcriptional control of specific downstream target genes, such as GLR1 and TRR1. 8.9) Also, it has been found that, in this pathogen, a number of biochemical systems were involved in protecting cells against ROS, including enzymes as well as the nonenzymatic protective molecules, glutathione and thioredoxin. 19, 20) The nonreducing disaccharide trehalose is found in many organisms, in which it accumulates dramatically under stress conditions. [21] [22] [23] [24] We demonstrate here a relationship between trehalose and Cap1p. Our results showed that trehalose was an important mediator of Cap1p oxidative stress response in C. albicans.
In yeast, trehalose is barely detectable during logarithmic phase but accumulates to high levels during stationary phase or under stressful conditions. This accumulation of trehalose can enhance the resistance of the cells to oxidants. Data obtained here showed that the trehalose content was much lower in the cap1/cap1 mutant than that in the wild type strains during the whole growth phases, which was coincident with the fact that the mutant was much more sensitive to H 2 O 2 than the wild type strain (Fig. 1) . Moreover, oxidative stress could not induce the accumulation of trehalose in the mutant and the cell viability in this strain was rather low (Fig. 2) . These findings indicated that lack of trehalose accumulation might contribute to the high sensitivity of the cap1/cap1 mutant to oxidative stress. When exogenous trehalose was added to the culture of the cap1/cap1 mutant, the tolerance to oxidative stress was increased (Fig. 3) .
In fungi, trehalose is synthesized by a large enzyme complex comprising the two catalytic activities of trehalose biosynthesis. Trehalose-6-phosphate (Tre6P) synthase, encoded by TPS1, synthesizes Tre6P from glucose-6-phosphate and UDPglucose. Tre6P is then hydrolyzed into trehalose by Tre6P phosphatase, encoded by TPS2. TPS3 encodes an regulatory subunit of the trehalose synthase complex. [25] [26] [27] [28] In C. albicans, tps1/tps1 mutant showed deficient in trehalose synthesis and was extremely sensitive to severe H 2 O 2 exposure. 15) However, Zaragoza et al. found that trehalose accumulation induced during the oxidative stress response was independent of TPS1 mRNA levels in C. albicans. 29) This result is in agreement with our observation. We found that there was no significant change of TPS1 mRNA levels between the cap1/cap1 mutant and the wild type strain when exposed to H 2 O 2 . It has been reported that C. albicans tps2/tps2 mutant did not accumulate trehalose. 30) Here we found that the transcription of TPS2 was decreased in cap1/cap1 mutant compared to the parent strain (Fig. 4) . This result was consistent with the role of TPS2 reported by Gounalaki et al. They found that, in S. cerevisiae, stress-induced expression of the TPS2 gene was regulated by Yap1p, and this expression was completely abolished in a yap1-disrupted strain. 14) Previous work has demonstrated that Yap1p/Cap1p could regulate the transcription of the target genes through the specific binding sites TTA(C/G)TAA, TGACTAA or TTAGTCA. 9, 31) When the DNA sequence for the presumptive promoter region of the C. albicans TPS1, TPS2 and TPS3 was inspected, only TPS3 displayed the presence of one potential binding site for Cap1p (TGATCTAA). This site is located at position 378 relative to the translation start site for C. albicans TPS3 and almost matches the consensus binding site for Cap1p (TGACTAA) except one nucleotide. Indeed, while exposed to H 2 O 2 , the TPS3 mRNA level in the wild type strain was increased by 11 fold compared to that in the cap1/cap1 mutant. This indicated that TPS3 might be a potential transcriptional activation target of Cap1p. Further experiment is needed to verify the Cap1p dependence of TPS3. 
